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ABSTRACT
Context. The accretion of pebbles on planetary cores has been widely studied in recent years and is found to be a highly effective
mechanism for planetary growth. While most studies assume planetary cores as an initial condition in their simulation, the question
how, where and when these cores form is often neglected.
Aims. We study the impact of pebble accretion during the formation phase and subsequent evolution of planetary embryos in the
early stages of circumstellar disk evolution. In doing so we aim to quantify the timescales and local dependency of planetary embryo
formation, based on the solid evolution of the disk.
Methods. We connect a one dimensional two population model for solid evolution and pebble flux regulated planetesimal formation
to the N-body code LIPAD. In our study we focus on the growth of planetesimals with an initial size of 100 km in diameter by
planetesimal collisions and pebble accretion for the first 1 million years of a viscously evolving disk. We compare 18 different N-
body simulations in which we vary the total planetesimal mass after 1 million years, the surface density profile of the planetesimal
disk, the radial pebble flux and the possibility of pebble accretion.
Results. Pebble accretion leads to the formation of fewer, but substantially more massive embryos. The area of possible embryo
formation is weakly influenced by the accretion of pebbles and the innermost embryos tend to form slightly earlier compared to the
simulations in which pebble accretion is neglected.
Conclusions. Pebble accretion strongly enhances the formation of super earths in the terrestrial planet region, but it does not enhance
the formation of embryos at larger distances.
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1. Introduction
1.1. Physical motivation
The accretion of solids and eventually gas (Pollack et al. 1996)
on planetary cores is widely used as the standard scenario for
planet formation. Most studies in the field of planet forma-
tion begin with an initial planetary core that grows by either
planetesimal- (Ida & Lin (2004), Mordasini et al. (2012), Em-
senhuber et al. (2020a), Emsenhuber et al. (2020b), Voelkel et al.
(2020)) or pebble accretion (Bitsch et al. (2015), Ndugu et al.
(2017), Lambrechts & Johansen (2012)). Recent work included
the consistent formation (Lenz et al. 2019) and accretion of plan-
etesimals onto planetary embryos into a global model of planet
formation (Voelkel et al. 2020). Despite the improvement, the
presence of planetary embryos is still treated as an initial as-
sumption. A fully consistent global model for planet formation
however would also have to form planetary embryos based on
the previous evolution of the system. Studies that form plane-
tary embryos from planetesimals usually neglect the formation
of the planetesimals, by assuming an initial distribution in the
disk (Levison et al. 2015; Walsh & Levison 2015; Carter et al.
2015; Clement et al. 2020). The study that is presented in this pa-
per is an expansion to our companion paper (Voelkel et al. subm.
2020), in which we investigated the formation of planetary em-
bryos from a dynamically evolving planetesimal disk and de-
rived a one dimensional, parameterized analytic model for plan-
etary embryo formation. The effect of pebble accretion (Ormel
& Klahr 2010; Klahr & Bodenheimer 2006) on the formation
of planetary embryo formation is now added to the same frame-
work in this study.
To motivate our work we discuss the following aspects (often
either neglected or not accounted in detail by previous works).
One aspect generally neglected in the study of pebble accretion is
that the pebble flux in a disk is not a constant, but instead evolves
due to radial drift and decays over time. Since pebble accretion
relies on the active pebble flux, the time and location at which
a planetary embryo is introduced into the simulation is there-
fore imperative for the evolution of said embryo. The accretion
of planetesimals on planetary embryos, as well as planetesimal
growth by collisions is sensitive to the size of planetesimals, the
local planetesimal surface density and the orbital distance to the
star. The evolution and growth of a planet thus strongly depends
on its environment, but also the cores themselves are assumed to
form from the smaller material in the disk. Modeling the forma-
tion of planetary embryos therefore requires an understanding of
the local solid evolution of a circumstellar disk. To fully under-
stand the local evolution however, one needs to understand the
global evolution of the disk as well, since solids can drift through
the circumstellar disk from far out regions. Modeling the forma-
tion of planetary embryos in the terrestrial planet region in a self
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consistent disk therefore requires the understanding of the global
formation of planetesimals and evolution of the pebble flux dur-
ing the time of embryo formation.
1.2. Previous work
This study is an extension and of our previous work Voelkel et al.
(subm. 2020) in which we studied the impact of the planetes-
imals surface density and disk mass on the formation of em-
bryos. Our previous study found that the formation of planetary
embryos from 100 km planetesimals occurs from the inside out
and that the orbital separation of initial embryos converges to
≈ 15RHill. Our finding confirmed the oligarchic growth nature of
the embryo formation process (Kokubo & Ida (1998), Kobayashi
et al. (2011) and Walsh & Levison (2019) to mention just a few).
One main result from our first study is that the total number of
embryos does not simply increase by introducing more mass in
the system. The embryos that exist grow larger, thus increasing
their mutual orbital separation. Additionally the formation area
within 1 Myr increases for higher disk masses, which leads to
a similar number of embryos after 1 Myr for our systems. The
orbital separation leads to a cumulative number of embryos that
increases logarithmic with distance. This behavior is not strongly
influenced by the planetesimal surface density profile.
In Voelkel et al. (subm. 2020) we also introduced an analytic
model that succeeded in reproducing the total number, spa-
tial distribution and formation time of planetary embryos when
given the same one dimensional planetesimal surface density
evolution.
In our companion paper, we find that the innermost embryos
form while planetesimals are still forming as well. This insti-
gates that an active pebble flux exists after the formation of the
innermost embryos. The outer embryos form after the forma-
tion of planetesimals has mostly vanished. While the accretion
of pebbles is not considered in our first study, their presence is
promising for planetary growth.
In addition to our previous work we now introduce the accretion
of pebbles onto planetesimals and planetary embryos. Studies re-
garding the evolution of a planetary system from planetesimals
and pebbles in the LIPAD (Levison et al. 2012) Code have al-
ready been conducted by Kretke & Levison (2014). In contrast
to what has been studied in Kretke & Levison (2014) we intro-
duce the planetesimal over time based on their formation of a one
dimensional planetesimal formation model described in Sect. 2.
1.3. The goal of this study
Within this study we connect a global model for the evolution
of a circumstellar disk, that involves the formation and drift of
pebbles, as well as the pebble flux regulated formation of plan-
etesimals with N-body simulations. The N-body then tracks their
subsequent growth and dynamical evolution. Using this frame-
work we study a wide range of parameters to investigate their
individual contribution on the formation of planetary embryos
and the evolution of planetary systems in the terrestrial planet
region. This paper is an addition to our previous study (Voelkel
et al. subm. 2020) in which we study the impact of the planetes-
imal surface density profile and disk mass on the formation of
planetary embryos in the terrestrial planet region. Additionally to
the formation of planetesimals, we now introduce a radial pebble
flux and the possibility of pebble accretion into our framework.
The evolution of the pebble flux stems from the same disk evo-
lution that also forms the planetesimals within the N-body simu-
lation. Comparing our results from this study with our previous
study, we present 18 different N-body siumulations in which we
vary the planetesimal surface density profile, the total mass in
planetesimals and the total pebble flux.
In Sect. 2 we summarize the theory behind our approach and ex-
plain the numerical setup in Sect. 3. Sect. 4 presents the results
that are discussed in Sect. 5. Sect. 6 summarizes our findings and
gives an outlook to future work.
2. Pebbles, planetesimals and embryos
The goal of this study is to comprehensively model the formation
and early dynamical evolution of planetary embryos, following
an initial population of dust as it is converted into pebbles and
planetesimals. We specifically focus on investigating how the ac-
cretion of pebbles impacts this formation process. The frame-
work that we have chosen to make this possible is split up into
two parallel sub-processes. We first compute the viscous evolu-
tion of a circumstellar gas disk including its solid evolution and
planetesimal formation. The qualitative evolution of the solids
will serve as a proxy for planetesimal formation and the peb-
ble flux to be included in the N-body simulations. This way the
N-body simulation runs with the planetesimals and pebbles that
have been formed using the one dimensional approach, while
continuing to compute their growth via collision and accretion.
A detailed description of the pebble flux regulated planetesimal
formation model and the two population solid evolution model
can be found in Lenz et al. (2019) and Birnstiel et al. (2012).
Our approach of coupling the one dimensional planetesimal for-
mation model to the N-body simulation in LIPAD (Levison et al.
2012), as well as a detailed description of the physical models is
described in our previous work (Voelkel et al. subm. 2020). In
the following we give a brief summary of the underlying physi-
cal principles.
2.1. Planetesimal formation and pebble evolution
Our framework uses the two population solid evolution approach
from Birnstiel et al. (2012) to compute the dust and pebble evolu-
tion of a viscously evolving circumstellar disk (Shakura & Sun-
yaev 1973) and the pebble flux regulated planetesimal formation
model by Lenz et al. (2019). This framework has recently been
used to study the impact of planetesimal formation on the for-
mation of planets (Voelkel et al. 2020) and was applied in our
companion paper (Voelkel et al. subm. 2020).
The two population model uses a parameterized mass relation
between a small and a large population of solids in the disk, de-
fined by their Stokes number. The small particles (S t  1) are
coupled to the dynamic motion of the gas and can be seen as dust,
while the larger particles (S t ∼ 1) are detached from the gas mo-
tion and can be seen as pebbles. The parameter that separates the
two populations has been derived by fitting the two population
approach to larger coagulation based simulations of grain growth
(Birnstiel et al. 2010). Planetesimals then form proportional to
the radial pebble flux (Lenz et al. 2019). The planetesimal forma-
tion model assumes that particle traps can appear at any location
in the disk and last for a given lifetime. The model assumes that a
fraction of the radial pebble flux that drifts through a particle trap
can be transformed into planetesimals. Planetesimals form with
an initial size of 100 km in diameter (Klahr & Schreiber 2020;
Abod et al. 2019; Johansen et al. 2009), which leads to a thresh-
old mass that has to be reached in order to form planetesimals
in this one dimensional approach. The approach itself does not
specify what underlying mechanism/instability (e.g. streaming
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instability, Kelvin Helmholtz instability) drives the formation of
planetesimals, it is a model independent framework that forms
planetesimals based on the radial pebble flux.
2.2. Embryo formation
We define a planetary embryo as an object with at least a lunar
mass (Me = 0.0123M⊕) in our study. Growing an embryo from
100 km-sized planetesimals (with a bulk density of ρ = 2g/cm3)
requires more than 5 orders of magnitude of growth). This would
require hundreds of thousands of planetesimals to form a sin-
gle embryo via collisions, making this problem computationally
unfeasible for classical numerical integrators. Thus, in order to
tackle this problem we use the code known as LIPAD (Levison
et al. 2012). LIPAD is a lagrangian code that uses the concept
of tracer particles to follow the dynamical/collisional/accretional
evolution of a huge number of sub-km-sized planetesimals all the
away to become planets. We direct the reader to Voelkel et al.
(subm. 2020) for a detailed description on how we convert the
1-D solid evolution outcomes into tracers, as well as Levison
et al. (2012); Kretke & Levison (2014); Walsh & Levison (2016);
Walsh & Levison (2019); Deienno et al. (2019): Deienno et al.
(2020) for a series of previous applications of LIPAD.
Our study introduces planetesimal and pebble tracer particles
and computes their growth by planetesimal collisions and pebble
accretion. Tracer particles are represented by three quantities:
mass, physical radius and bulk density. These three quantities
relate to each other as npl = mtr/[(4./3.)ρr3pl]. Here, npl is the
number of planetesimals represented by a single tracer particle,
mtr is the tracer constant mass, ρ its constant bulk density and rpl
the planetesimal size, that the tracer will represent. This implies
that the number of planetesimals represented by a single tracer is
larger for smaller planetesimals. It also implies that as planetesi-
mals growth due to their collisional evolution/accretion, they are
less represented by a single tracer. As a result, once a planetes-
imal grows to the point where a tracer will represent only one
object (a Moon sized object in our case), this tracer is promoted
to an embryo and is then treated as an individual N-body object
in the simulation. The promotion of a planetesimal tracer parti-
cle to a planetary embryo in LIPAD is what we define the initial
formation of a planetary embryo.
2.3. Pebble accretion
The fundamental difference to part I of our study lies in the ac-
cretion of pebbles onto planetesimals and planetary embryos.
In the following we will briefly explain the concept of pebble
accretion based on Ormel & Klahr (2010) and Lambrechts &
Johansen (2012). A detailed description on how pebble accre-
tion is implemented in LIPAD can be found in Kretke & Lev-
ison (2014). When we refer to pebble accretion, we talk about
the accretion of particles on bodies that is strongly enhanced
by gas drag. For this to occur, several conditions need to be
met. The stopping timescale of the particle that is to be accreted
must be long compared to the timescale of deflection by the
target’s object gravity. More specifically, the gravitational en-
counter timescale must be shorter than four times the stopping
time
vrel
b2
GMp
< 4ts (1)
with G as the gravitational constant and ts the stopping time. vrel
is given as the relative velocity of the particle and the planetesi-
mal/planetary embryo of mass Mp. The impact parameter b2 can
then be expressed as
b < R˜C =
(
4GMpts
vs
)1/2
. (2)
The second criterion states that the stopping time of the particle
must be short compared to the time it takes for the particle to
drift past the target. The impact parameter for when a particle is
deflected by 90◦ then gives
b = b90◦ =
GMp
v2rel
. (3)
In summary, the first criterion states that small dust cannot con-
tribute to pebble accretion because it is too strongly coupled to
the motion of the gas, while the second criterion illustrates why
larger objects like planetesimals do not benefit from gas drag.
The critical crossing time scale can then be defined as
ts,∗ =
b90◦
vrel
=
GMp
v3rel
. (4)
In the LIPAD simulation, pebbles radially drift inwards. The de-
cision whether a pebble can be accreted by an object is made if
the particle is within the Hill radius of the object and under the
condition that
b < RC = R˜C exp
[
−
(
ts
4ts,∗
)γ]
(5)
with γ = 0.65. Pebbles enter the N-body simulation in the form
of pebble tracers (Kretke & Levison 2014).
3. Simulation Setup
The setup of our present study is an expansion of our previous
work (Voelkel et al. subm. 2020) and is described there in greater
detail, but for the purposes of this work we briefly describe the
model setup here. We compute the first 1 Myr of a viscously
evolving disk including the two population solid evolution and
pebble flux regulated planetesimal formation model from Sect.
2. The mass rate of planetesmimal formation is then given as an
input to the LIPAD N-body simulation in terms of a correspond-
ing number of planetesimal tracers every 10 kyr. With our setup
we study the evolution of planetary embryo formation for 18 dif-
ferent systems in which we vary the total planetesimal disk mass
after 1 Myr, the planetesimal surface density profile and the to-
tal pebble flux. The total planetesimal masses after 1 Myrs are
given by 6 M⊕, 13 M⊕ and 27 M⊕. The planetesimal surface den-
sity profile varies by ΣP ∝ r−1.0, ΣP ∝ r−1.5 and ΣP ∝ r−2.0. Our
study individually compares systems in which pebble accretion
is active to those in which it is ignored. In addition to our previ-
ously published work (Voelkel et al. subm. 2020) we introduce a
radial pebble flux into the LIPAD simulation. Pebbles are placed
outside the outer edge of our computational domain at 5 au. The
total mass of the pebble flux over 1 Myr is varied by 57.7 M⊕ in
the 6 M⊕ case, 115.8 M⊕ in the 13 M⊕ case and 232.5 M⊕ in the
27 M⊕ case. The corresponding mass is introduced over 1 Myr
into the simulation in the form of pebble tracers. These tracers
do not contribute to the planetesimal formation, but can be ac-
creted by the planetesimal tracers and embryos. The qualitative
evolution of the pebble flux at 5 au is taken from our one dimen-
sional solid evolution model as well, similar to the formation of
the planetesimal disk. The change of the disk mass, the disk for-
mation rate and the radial pebble flux at 5 au that is used in our
setups is shown in Fig. 1.
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Fig. 1: Percentage change of the planetesimal disk mass M˙disk ,
the total disk mass Mdisk and the radial pebble flux at 5 au. The
disk mass (red dots) is normalized by the total disk mass after
106 years. The green dots indicate the disk mass increase ev-
ery 104 years (M˙disk), normalized by the maximum mass change
(M˙disk,max). The blue dots indicate the pebble flux every 104 years
(M˙peb), normalized by the maximum pebble flux (M˙peb,max). We
find that ∼ 90% of planetesimals have formed within 400 ky with
a peak in the pebble flux at ∼ 75ky and another in planetesimal
formation at ∼ 115ky.
4. Numerical results
In our analysis we focus on the time and semimajor axis evolu-
tion (Fig. 2. - Fig. 4), the individual embryo masses (Fig. 5), the
total number and mass in embryos over time (Fig. 6), the mean
orbital separation of embryos over time (Fig. 7) and the cumula-
tive distribution of embryos in the disk (Fig. 8).
4.1. Embryo formation
Fig. 2 - Fig. 4 show the time, mass and semimajor axis evolu-
tion of planetary embryo formation with the LIPAD code. The
toal mass after 1 Myr in planetesimals is given as 6M⊕ (Fig. 2),
13M⊕ (Fig. 3) and 27M⊕ (Fig. 4). The simulations in which peb-
ble accretion is not included (left panels) were taken from our
previous work (Voelkel et al. subm. 2020) and serve as compar-
ison in this study. The panels on the right always show the same
system in which pebble accretion is included. The color map
shows the mass of the objects that are considered embryos in the
LIPAD simulations, while the black dots refer to the location and
time at which a tracer particle has been promoted to a planetary
embryo. The black dots can therefore be interpreted as the ini-
tial formation of embryos. In addition to this we define the term
’active’ embryos. This term refers to all objects above embryo
mass at a given time. Every active embryo used to be an initial
embryo, however not every initial embryo remains in the system
due to mergers. The individual embryos are connected by a grey
line for clarity.
4.2. Embryo masses
Fig. 5 shows the number of different embryo masses after 1 Myrs
for the systems from Fig. 2 - Fig. 4. The blue and orange his-
tograms refer to simulations where we considered and not con-
sidered pebble accretion, respectively. We see that without peb-
ble accretion, there is no embryo with a mass higher than 1 M⊕,
whereas this is a very common outcome for the simulations in
which pebble accretion is included. Generally in every system,
the highest mass is achieved when pebble accretion is included.
While the systems in which pebble accretion is neglected fail to
build super earths with our input parameters, the formation of
super earth planets becomes possible when including pebble ac-
cretion. While the number of active embryos decreases if pebble
accretion is included ( see Fig. 6), their masses increase drasti-
cally.
4.3. Active number and total mass
Fig. 6 shows the total number of embryos and the total mass
that is in embryos over time for the setups from Fig. 2 - Fig. 4.
We also give the fraction of total embryo mass MEmb over the
mass that was given to the planetesimal disk after 1 Myr (MD)
for each setup. The first embryos always form in the systems in
which pebble accretion is enabled. However, the number of ac-
tive embryos during the simulation is almost a factor of 2 below
the number of embryos in the systems without pebble accretion.
The mass in embryos differs even more strongly than the ac-
tive number of embryos for the corresponding systems. The frac-
tion MEmb/MD consistently increases for higher total masses and
steeper ΣP-profiles respectively. In the systems in which pebble
accretion is included, it can exceed unity. This means that the
mass in planetary embryos can be higher than the mass that is
transformed into planetesimals, due to pebble accretion.
4.4. Orbital Separation
In Fig. 7 we compare the mean orbital separation of embryos
over time for the systems from Fig. 2 - Fig. 4. The orbital sep-
aration is expressed in units of the embryos Hill radii. We can
see that the mean orbital separation after 1 Myr converges to
≈ 10RHill for each setup. The simulations in which pebble accre-
tion is included show a smoother and more stable behavior over
time than the systems in which pebble accretion is neglected.
The explanation for these differences lies in the fact that the first
embryos can start growing further apart from each other in the
runs that only consider planetesimal accretion. Therefore, nu-
merous embryos are needed in order to converge for a character-
istic orbital Hill spacing.
When considering pebble accretion, embryos tend to initially
grow closer to each other. Connecting the orbital separation from
Fig. 7 with the embryo masses from Fig. 5 and the time semima-
jor axis evolution from Fig. 2 - Fig. 4, we can see that the abso-
lute physical distance between embryos increases largely due to
their mass increase and therefore their increasing Hill radius.
The dynamical separation of embryos when expressed in Hill
radii does not change, their physcial separation as a consequence
does. The possible area of embryo formation on the other hand
does not enlarge if pebble accretion is included (see Fig. 2 - Fig.
4). Since the orbital separation increases, the number of active
embryos within the possible area of embryo formation decreases,
as a consequence of their rapid growth by pebble accretion.
4.5. Cummulative distribution
As already seen in Fig. 6, the total number of active embryos in
the simulation decreases strongly if pebble accretion is included.
In Fig. 8 we show the cumulative number of initial embryos for
the systems from Fig. 2 - Fig. 4. The cumulative number without
pebble accretion is shown by the orange dots, the blue dots refer
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Fig. 2: Time over semimajor axis evolution of the N-body simulation in LIPAD. The time and location at which an object has first reached lunar
mass is indicated by the black dots in the plot. The subsequent growth of the embryo is tracked and connected with the grey lines, its mass is given
by the colorbar. The mass in planetesimals after 1 Myr is given by 6 M⊕ in these runs, the planetesimal surface density slope is varied (ΣP ∝ r−1.0,
ΣP ∝ r−1.5 , ΣP ∝ r−2.0 ). The left panels show the system without pebble accretion. The right panels show the system in which pebble accretion
is included. The red line indicates the time after which the analytic model presented in Voelkel et al. (subm. 2020) states that embryo formation is
possible.
Article number, page 5 of 12
A&A proofs: manuscript no. main
0.0 0.5 1.0 1.5 2.0 2.5
Semimajor axis [au]
0.0
0.2
0.4
0.6
0.8
1.0
Ti
me
 [
My
r]
                                                      Mass after 1 Myr: 13 M  P r 1.0
No Pebbles
Initial Embryo
Mprot > MEmb
Same tracer
10 2 10 1 100
M[M ]
0.0 0.5 1.0 1.5 2.0 2.5
Semimajor axis [au]
Pebbles
Initial Embryo
Mprot > MEmb
Same tracer
10 2 10 1 100
M[M ]
0.0 0.5 1.0 1.5 2.0 2.5
Semimajor axis [au]
0.0
0.2
0.4
0.6
0.8
1.0
Ti
me
 [
My
r]
                                                      Mass after 1 Myr: 13 M  P r 1.5
No Pebbles
Initial Embryo
Mprot > MEmb
Same tracer
10 2 10 1 100
M[M ]
0.0 0.5 1.0 1.5 2.0 2.5
Semimajor axis [au]
Pebbles
Initial Embryo
Mprot > MEmb
Same tracer
10 2 10 1 100
M[M ]
0.0 0.5 1.0 1.5 2.0 2.5
Semimajor axis [au]
0.0
0.2
0.4
0.6
0.8
1.0
Ti
me
 [
My
r]
                                                      Mass after 1 Myr: 13 M  P r 2.0
No Pebbles
Initial Embryo
Mprot > MEmb
Same tracer
10 2 10 1 100
M[M ]
0.0 0.5 1.0 1.5 2.0 2.5
Semimajor axis [au]
Pebbles
Initial Embryo
Mprot > MEmb
Same tracer
10 2 10 1 100
M[M ]
Fig. 3: Time over semimajor axis evolution of the N-body simulation in LIPAD. The time and location at which an object has first reached lunar
mass is indicated by the black dots in the plot. The subsequent growth of the embryo is tracked and connected with the grey lines, its mass is given
by the colorbar. The mass in planetesimals after 1 Myr is given by 13 M⊕ in these runs, the planetesimal surface density slope is varied (ΣP ∝ r−1.0,
ΣP ∝ r−1.5 , ΣP ∝ r−2.0 ). The left panels show the system without pebble accretion. The right panels show the system in which pebble accretion
is included. The red line indicates the time after which the analytic model presented in Voelkel et al. (subm. 2020) states that embryo formation is
possible.
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Fig. 4: Time over semimajor axis evolution of the N-body simulation in LIPAD. The time and location at which an object has first reached lunar
mass is indicated by the black dots in the plot. The subsequent growth of the embryo is tracked and connected with the grey lines, its mass is given
by the colorbar. The mass in planetesimals after 1 Myr is given by 27 M⊕ in these runs, the planetesimal surface density slope is varied (ΣP ∝ r−1.0,
ΣP ∝ r−1.5 , ΣP ∝ r−2.0 ). The left panels show the system without pebble accretion. The right panels show the system in which pebble accretion
is included. The red line indicates the time after which the analytic model presented in Voelkel et al. (subm. 2020) states that embryo formation is
possible.
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Fig. 5: Embryo masses after 1 Myrs for the different parameters from Fig. 2 - Fig. 4. The orange histograms show the systems in which pebble
accretion is neglected, whereas the blue histograms show the systems in which pebble accretion is enabled.
to the simulations including pebble accretion. We also highlight
where the innermost and outermost embryos form within 1 Myrs
for each setup via vertical dotted lines with corresponding col-
ors. We find that in terms of the initial formation of embryos, the
outermost embryo forms further out in the system in which peb-
ble accretion is neglected. For the formation of the innermost
embryo, pebble accretion shows no dominant effect. Since the
orbital separation is still the same in terms of the embryos Hill
radii, that scales linearly with the distance to the star, we find the
same logarithmic distribution of cumulative embryos, but with a
lower total number as in the simulations without pebble accre-
tion.
5. Discussion
5.1. The impact of pebble accretion
We show that an active pebble flux has major consequences on
the evolution of the planetary systems within the first 1 Myr. The
accretion of pebbles leads to the formation of a lower number of
substantially more massive embryos within a smaller semimajor
axis interval of embryo formation. The physical spacing between
embryos increases due to their higher masses in the pebble ac-
cretion runs. Their orbital separation when expressed in Hill radii
remains unaffected and converges to ≈10 RHill in both cases. Em-
bryos that form at larger distances (>1.5 au) well after TMdisk>90%
remain at low masses as they fail to undergo significant pebble
accretion. This behavior was already predicted in our first study
that neglected the accretion of pebbles but suggested that the disk
formation rate is a valid constraint for pebble accretion due to its
pebble flux dependency. We find that the outer edge of embryo
formation moves slightly inwards when considering the accre-
tion of pebbles. The formation of embryos at larger heliocentric
distances within the lifetime of the pebble flux does not occur.
The necessary size for significant pebble accretion is not reached
at larger distances within the lifetime of our pebble flux.
The formation of the first embryo occurs earlier in the inner re-
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Fig. 6: Number of active embryos (solid line) and total mass in embryos (dashed line) over time for the systems from Fig. 2 - Fig. 4. The orange
curves refer to the systems in which pebble accretion is disabled, whereas the blue lines refer to the systems in which pebble accretion is enabled.
We also give the fraction of embryo mass over the total mass that entered the planetesimal disk after 1 Myrs (MEmb/MD).
gion if pebble accretion is considered and the embryos that form
first end up to have the highest masses after 1 Myr. The accre-
tion of pebbles plays a major role once embryos have formed.
Their impact on the local formation time, while noticeable, plays
a subordinate role.
Generally, we can say that the accretion of pebbles strongly fa-
vors the formation of super earths in the terrestrial planet region,
but it does not enhance planetary embryo formation at larger dis-
tances.
5.2. Consequences for the analytic embryo formation model
In part I of our study we introduced an analytic model that
succeeded in reproducing the results of the N-body simulations
without pebble accretion. We refer to the local formation time,
the spatial distribution and the total number of initial embryos. In
brief summary, the formation of embryos in the analytic model
is based on two Criteria. Criterion I refers to the necessary lo-
cal growth time. Criterion II determines the orbital separation
to other embryos. The model uses a parameterized approach to
compute the local growth time scales of planetesimals based on
the local planetesimal surface density evolution. Embryos are
placed if the analytic growth surpassed the mass of a planetary
embryo and the orbital separation to the other already existing
embryos is above an input parameter.
As discussed in Sect. 5.1, the impact of pebble accretion is
largely found in the mass of the embryos, not in their initial
formation time. Criterion I of the embryo formation model will
therefore still give the right results (even though we find slight
deviations in the inner regions).
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Fig. 7: Orbital separation of active embryos over time from the systems from Fig. 2 - Fig. 4. The orange curves refer to the systems in which
pebble accretion is disabled, whereas the blue curves refer to the systems in which pebble accretion is enabled. The distance is expressed in units
of the embryos Hill radii.
The number of embryos and their spatial distribution are de-
termined by criterion II. Under the assumption that the already
placed embryos grow respectively by pebble accretion, their Hill
radii increase. The physical spacing between the embryos thus
enlarges. As a consequence, the total number of embryos de-
creases since the semimajor axis interval of embryo formation
does not increase (Criterion I). The analytic model for embryo
formation from part I of our study is therefore still valid in a
framework that includes pebble accretion.
Implementing the analytic model into a global model for planet
formation that includes planetesimal formation and pebble ac-
cretion will be subject to future studies.
6. Summary and Outlook
We study the impact of pebble accretion and planetesimal for-
mation on the formation of planetary embryos in the terrestrial
planet region. For this purpose we connected a one dimensional
model for pebble flux regulated planetesimal formation and solid
evolution with the N body code LIPAD. Thus we studied the
growth and fragmentation of planetesimals with an initial size of
100 km in diameter within the first million years of a viscously
evolving circumstellar disk. In this paper we compare 18 dif-
ferent N-body simulations in which we vary the total mass in
planetesimals, the radial pebble flux and the planetesimal sur-
face density profile. Building on the efforts of our previous study
(Voelkel et al. subm. 2020) we include a radial pebble flux and
the accretion of pebbles during the formation of planetary em-
bryos. The main impacts on embryo formation by pebble accre-
tion in the terrestrial planet region can be summarized as follows:
– Pebble accretion is highly beneficial for the formation of
super earths.
– When compared with planetesimal accretion alone, the total
number of embryos decreases strongly if pebble accretion is
considered, while the individual embryos grow significantly
more massive.
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Fig. 8: Cumulative number of initial embryos after 1 Myrs for the systems from Fig. 2 - Fig. 4. The orange dots refer to the systems in which
pebble accretion is disabled, whereas the blue dots refer to the systems in which pebble accretion is enabled.
– Embryos that form early in the inner regions of the disk grow
rapidly by pebble accretion, whereas the outer embryos that
form later fail to do so.
– The outer edge of planetary embryo formation is not in-
creased if pebble accretion is included. Our work indicates
that it is not possible to form planetary embryos at larger
distances (>2au) within the lifetime of a radial pebble flux
for our assumptions.
Our findings from the first part of our study are still valid, the for-
mation of planetary embryos occurs first in the innermost regions
and then proceeds to larger distances. The number of embryos is
given as the number of orbital distances within their possible
formation zone. Since embryos grow more massive when pebble
accretion is included, we find that the number of embryos de-
creases. The area in which they form however is not increased
by pebble accretion since pebble accretion only becomes an ef-
fective growth mechanism for much larger sizes than 100 km. By
the time the outer objects have grown to larger sizes by planetesi-
mal collisions, the pebble flux has largely vanished. Even though
we can see that the first embryos form earlier in the inner parts of
the disk for the simulations in which pebbles are accreted, this
trend does not continue to larger distances. The conundrum of
distant embryo formation within the lifetime of a radial pebble
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flux as found in part I of our study (Voelkel et al. subm. 2020)
remains. A possible solution to this issue could be in the form of
locally enhanced substructures in the planetesimal surface den-
sity profile at larger distances or the formation of planetesimals
that initially form large enough for pebble accretion. Future work
will include the formation of planetary embryos in distant local
substructures, like in pressure bumps and around the water ice-
line (Dra˛z˙kowska & Alibert 2017).
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